useful life phase, failures occur occasionally due to various reasons, such as third party damage, wear-out of components, and environmental stress, etc. As time progresses, the bulk dielectric strength degrades, and artifacts, such as water ingress and detachments at material interfaces raise local stress. The net effect appears as aging, the rate of which depends on many factors, such as voltage, thermal stresses, maintenance, system age, cable system technology, and environment [4] .
In developing countries, the cable network is relatively new and still growing rapidly. Take China, for example, the cables laid down over the last 10 years account for more than half of the total volume [5] . Most cable failures are due to third-party damage, manufacturing, and poor installation problems [6] . In contrast, in developed countries, such as in the U.K., installation peaked in the 1950s and 1960s [7] . A large proportion of the cable assets have already expired or are approaching their end of design life, where a higher proportion of age-related failures have been reported [8] . Despite the differences in failure mechanisms, failure prediction is important for cable asset managers to arrange appropriate maintenance programs under both situations.
Among statistical models, the Weibull distribution and the Crow-Army Material System Analysis Activity (AMSAA) have been used to carry out failure predictions. The Weibull distribution has been used by Bucci [9] to make failure prediction of underground distribution feeder cables where data were simply sorted according to the age of failed cables without considering the modes or causes of the failures. Ainscough [10] used the Weibull distribution to predict medium-voltage (MV) underground distribution cable failures. The C-A model was employed by Gill [11] , [12] to establish a maintenance model of aging cable. Barringer [13] compared the Weibull distribution with the C-A model and concluded that the C-A model worked well with mixed failure modes while the Weibull distribution was a powerful single failure mode tool. These papers mainly focused on age-related data, while the performances of the Weibull and C-A model on analyzing early-failure data have not yet been studied. In countries which have experienced fast growth in cable circuits and joints, the main objective of cable failure event analysis is to establish a pattern of early failures [14] .
In this paper, early cable system failure data, collected from a regional power-supply company in China, are divided into groups based on the failure causes. Since the work presented here focuses on early-failure data, age-related failure data are treated as suspensions. The procedures concerning how to apply the Weibull distribution and the C-A model to predict failures 0885-8977 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
are thoroughly analyzed and described. The performances of two models that deal with early-failure data are investigated and critically compared.
II. STATISTICAL MODELS

A. Weibull Distribution
The Weibull distribution is perhaps the most widely used model in the analysis of reliability and failure data. It gives the lifetime distribution of objects and was originally proposed to quantify fatigue data [15] , [16] , but it is also used in the analysis of systems involving the "weakest link," such as insulations in power plants.
Its flexibility to model all three phases of a reliability bathtub curve make it attractive to reliability and maintenance engineers. It is found that it can fit most lifetime data better than other distributions and is particularly valuable for relatively small samples of the data which are often encountered by maintenance engineers.
There are two versions of the Weibull model, namely, the twoparameter and the three-parameter models. Mathematically, the cumulative probability of failure of the two-parameter model, as a function of time, is given in (1). The three-parameter model, as given in (2), has an introduction of a location parameter into the two-parameter model [17] , [18] (1)
where is the cumulative distribution function or the probability of failure between time 0 and t.
is the reliability or probability of not failing between 0 and time . is the scale parameter, is the shape parameter, and is the location parameter. If is less than 1, it means that the failure rate is decreasing and the asset group under analysis is in early-failure stage. If is greater than 1, it indicates an increasing failure rate and that the asset has started to age or has already aged. If is equal to 1, it stands for a constant failure rate and that the asset group is in a period of useful service age.
The probability density function (PDF) of the two parameter model is the derivative of (1), which is given as (4) The probability density function defines the life probability distribution of a population. The area under this curve is equal to unity (in terms of probability) or 100% which shows all life possibilities. The probability density function is similar to the normal curve, with a typical bell shape. The only difference which makes the Weibull better for describing life of insulation is that it has no negative values and can assign a starting point (below which there are no failures) to the life of insulation material. But the normal curve has values from negative to positive infinity [11] . 
B. Crow-AMSAA Model
The C-A model was originally developed to track and quantify the reliability growth of preliminary product designs or in manufacturing processes to help with the production of a product or process when adequate reliability is achieved [16] . However, over the past several years, the C-A model has been used increasingly as a tool to monitor reliability and to forecast failures/faults in field mechanical and electrical systems. The advantage of the C-A model is that it models the repairable systems. This is an important distinction, since C-A can model a component that has failed and been repaired multiple times, while the Weibull distribution can only be used to model the first failure. The C-A model is also capable of handling a mixture of failure modes whereas the Weibull model works best with one, perhaps two failure modes only [12] . This reduces the requirement for detailed information of time to first failure. The forecast of overall failures is based on cumulative time against cumulative failures and does not need to consider failure modes.
The process where repairs are assumed to return the equipment to the level at which it was operating before failure is known as the nonhomogeneous Poisson process (NHPP) [19] . In this case, the process is only time homogeneous when the failure rate is a constant over a specific period of time. It can be shown, however, that if , are the time at which failure events occur, then the failure rate is a constant between the time and . The expected number of failures in a selected interval is as follows: The failure intensity function of the model is given as and (7) Therefore, the cumulative number of failures as a function of cumulative failure time can be expressed as (8) The reciprocal of is the instantaneous mean time between failure (MTBF). The logarithm of cumulative failures plotted against logarithm cumulative time is a linear plot, as given (9) In this model, is the scale parameter or the intercept on the -axis in the linear plot as will be shown in a later section of this paper, and is the growth parameter which is the slope of the line. Like the Weibull distribution, when is less than 1, the failure rate decreases. The failure rate is increasing when is greater than 1, and constant when is equal to 1. Fig. 2 gives an illustration of the failure rate in relation to the value of .
III. FAILURE PREDICTION USING THE WEIBULL AND THE C-A MODELS-A CASE STUDY
A set of HV cable (rated at 110 kV and 220 kV) failure data has been collected from a regional power-supply company in China. The cable asset involved in the data has a total circuit length of 380 km and there were a total of 1142 cable joints. During the period between January 2004 and December 2011, 31 failures were registered. However, two of them were registered with an age of 0, and are included as left censored data (Table IV) . There were 16 early-failures, all given in Table I , which will be the focus of this paper. The remaining 13 failures caused by third-party damages and aging are not included.
A. Weibull Distribution
When the Weibull model is applied to forecast failures, the procedures are as follows.
1) Calculate the age to failure of all failed items and censored time (between the date of commissioning and the date of data collection for suspended items), then rank for both failed and suspended items, from the smallest to the largest, as shown in Table IV . Note that it is very important to include suspensions because they will provide useful information for the Weibull analysis, which will be illustrated later in this section. The rank 
Here, RR denotes the reverse ranks which rank from the largest to smallest.
denotes the th adjusted rank and is the total number of samples . 2) estimate and When the two-parameter Weibull model is used for failure prediction, the cumulative distribution function given in (1) is used. If the natural logarithm is taken on both sides of the function, then (11) can be obtained (11) where can be calculated by the median rank equation as shown (12) let (13) then (14) Based on (13) and (14), the software package Origin has been adopted to carry out linear fitting. The fitting results are shown in Fig. 3 . The Adj.R-Square, which measures the quality of the data-fitting process, is equal to 0.961. The closer Adj.R-Square is to 1, the more accurate the fitting result is. For a particular value , the 95% lower limit and upper limit are obtained by using (15) and (16) (14) .
Based on the results in Fig. 3 , the Weibull parameters are obtained as 0.561 and 3658889, respectively, according to (13) . The shape parameter indicates that the failure rate decreases with age. The scale parameter is equal to 3658889, meaning that 63.2% faults occurred before 3658889 days. The value of is more than 10 000 calendar years, meaning that the population can last almost forever if these cable joints can fail only due to infant mortality, manufacturing, and installation issues. The actual life of a cable population will eventually be determined by the onset of failures (the right side of Fig. 2) .
3) The time is used to calculate future failures. When the failed joints are replaced or new joints are installed, is the time between the date when cable joints are replaced or installed and the date of data being collected. If a joint is a suspension, it means that the joint has not failed, then is equal to . 4) Determine the time boundary . For example, in the case of the greatest age to failure of the 16 early cable joint failures, as shown in Table I , being 4250, 4250 is assumed as the time boundary for early failure. It is assumed that when the time exceeds the time boundary, the probability of early failure between and is zero.
5) Calculate
and for each joint item. Here, stands for the of the th item, and is the duration of a period over which failure is to be predicted. It should be noted that is equal to when the time exceeds the time boundary based on the assumption in step 4). 6) Calculate the expected failures. The expected failures during a period between and can be calculated using the following equation:
Expected failures (17) where denotes the accumulated probability of failure for the th item between the time 0 and . denotes the accumulated probability of failure for the th item between the time 0 and . denotes the number of joints when the serial number is . Table II shows how to use Weibull distribution to make failure predictions.
A discussion has been made about the issue of consideration of censored data here. Assume there are 100 joints whose are a set of arbitrary values, say all of them are five days. How many failures are likely to occur among the 100 joints in the next year? When only the failed joints are considered in the Weibull analysis (in this situation, is equal to 1384, is equal to 0.587), the expected failures will be 36.9 by using (17) . In comparison, when the suspensions and failures are included, the expected number of failures is 0.52. The value of 0.52 is considered as a far more realistic prediction by field engineers.
B. C-A Model
There are two ways of applying the C-A model. One In this paper, the main focus is on the early failures. As has been mentioned before, 4250 days can be assumed as the time boundary for early failure. So it is considered that the cable joint whose age has exceeded 4250 will not suffer from early failures anymore and is not included in suspensions. Table III gives the basic failure data required for the C-A model.
In Fig. 4 , C-A model I is applied to analyze the cumulative number of joints where is taken as the axis and the cumulative number of failures is taken as the axis.
It can be found in Fig. 4 , when all of the eight data points are analyzed, the degree of linear fit is poor with the Adj-R-Square value being 0.86. When the data points are divided into two subsets or segments of three and the next five data points, it can be clearly observed from Fig. 4 and Table III that there is a knee point between 423 and 514 joints installed. This coincides with the fact that the number of joints experienced rapid growth since 2007.
The value of segments 1 and 2 is greater than 1. In contrast, the value of segment 2 is less than that of segment 1, meaning that the failure rate has been decreasing from the knee point. This agrees well with the field experience that the early failure rate usually falls with the increase in time and the increase in the size of population. If the gradient is constant, then the failure rate is constant. The knee point clearly indicates a decreasing rate. This is the reliability growth concept that underpins C-A. The potential causes of reliability growth in Fig. 4 may include the improvements in design and improved quality assurance during installation.
As shown in Fig. 2 , early failures usually fall with time. The failure rate of the C-A model I is the number of failures per unit number of installed joints. When using C-A model I, the expected number of failures has nothing to do with time and is influenced only by the cumulative joints.
In Fig. 5 , C-A model II analyzes cumulative time t is taken as the axis) and the cumulative number of failures per 100 joints is taken as the axis). The failure rate of the C-A model II is the number of failures per 100 joints per unit time, which is different from C-A model I and has a similar physical meaning to that of the Weibull distribution.
As shown in Fig. 5 , when all eight data points are analyzed in C-A model II, the value is 1.181, which is greater than 1. The result indicates that the failure rate is increasing which is opposite that of the Weibull model result.
It is interesting to see from Fig. 5 that when the two data segments are analyzed independently, the value of segment 1 is greater than 1, while the value of segment 2 is less than 1. The result from data segment 2 is consistent with the Weibull results.
The aforementioned analysis shows that when the size of a cable population is still increasing sharply and the age profile of the population changes year by year, the C-A model I can provide useful information with regards as to how the data set should be subdivided for better effects of analysis.
When making a prediction of the number of early failures, (18) and (19) should be used in C-A model I and II, respectively, since the definition of failure rate of the two models is different. Although those discontinued joints are usually replaced by new ones, the number of total joints will not be affected by the replaced joints. The total number of joints in this case should be when considering replaced and newly installed joints Expected failures (18) Expected failures (19) where is the number of newly installed cable joints during the period of . It should be noted that during the period of , the of some joints will exceed 4250. Thus, the number of will decrease as time goes by.
IV. RESULTS ANALYSIS
As can be seen in Fig. 6 , the Weibull, C-A model I and II have been used for failure prediction. The same dataset has been used in the Weibull and the C-A approaches, but different results were yielded.
When no new installation is considered, there is a decrease in the expected failures and failure rate, according to the Weibull and C-A model II. The expected number of failures of the Weibull and C-A model II increase when an annual addition of 100 new installations is included. It can be concluded that the expected number of failures is relevant with both past information (failure data which determine the parameters of the Weibull and C-A model) and future information (the number of newly installed joints per year).
It should be noted that when the new installation is considered, the expected number of failures yielded from C-A model I decreases even if the value of C-A model I is greater than 1. This phenomenon is because as time goes by, the value of decreases owing to some of the joints whose have exceeded 4250. Despite 100 joints being newly installed each year, the overall increment of decreases. So the number of predicted failures decreases. It can also be found from Fig. 6 that the expected failures of the C-A model I are closer to the ones of the Weibull distribution when the new installation is considered.
Clearly, when the number of joints does not increase or it actually decrease, the value of is equal to or less than , the predicted failures would be zero or minus, respectively. In this situation, the C-A I model is not suitable for failure predictions.
V. DISCUSSIONS
It is important for asset managers to quantitatively analyze the early failure behavior and the expected number of failures since this allows them to better plan their maintenance work and improve their procurement and installation practices.
The Weibull model uses detailed information of time to failure, or the date of commissioning and the date of failure for each individual event. When making predictions of the expected number of failures for future years, the Weibull applies a failure rate to each individual asset appropriate to its real age. The Weibull model is not as straightforward to implement as the C-A model when used for failure prediction. It needs to consider the failure probability of each joint and requires much more data; these increased data requirements provide results that are more reliable and with greater utility.
While the C-A model only considers the accumulated failures per year, it does not model the failure rate of the individual asset which changes over time. Although the C-A approach works for data sets that are missing information, which has often been the case with power utilities [21] , it does not consider how long a cable has been in service. It should be very careful to deal with early-failure data when using the C-A model. As shown earlier in this paper, it can be useful to analyze the accumulated failures against the size of the population before taking the time, since the -axis, to analyze the data again. Ignoring those earlier events can help improve the accuracy of the analysis results.
VI. SUMMARY
This paper presented a comparison of the Weibull distribution and the C-A model for the prediction of early cable joint failures. Although the assertion of early failures is somewhat arbitrary at first, it is supported by the data in Figs. 4 and 5 . The procedures of applying the two models for failure prediction with considerations of installation have been demonstrated. While a case study was carried out, using early cable joint failure data, the expected failures have been compared and analyzed. Further analysis was then conducted to compare the fundamental differences between the two models. Analysis showed that the Weibull distribution, which is based on life data, provides more reliable results in failure behavior and future failure forecast when the overall population increases rapidly. In the case study, when there is a sharp increase in the number of installed joints during a short period, subsections should be used when applying the C-A model in order to better reflect the correct state of cable joints. Despite the limitation that using cumulative time with cumulative failures does not reveal the change in reliability of the cable joints with respect to their service age, the C-A model works with incomplete data, and making predictions of future failure numbers are more straightforward.
